Carrier generation and recombination processes of ZnTeO thin films are studied by time-resolved photoluminescence, where carrier lifetimes at oxygen states and the conduction band are inferred to be Ͼ1 s and Ͻ100 ps, respectively. The radiative recombination coefficient for optical transitions from oxygen states to the valence band is extracted to be 1.2ϫ 10 −10 cm 3 sec −1 based on the excitation dependence of decay time constants. Rate equation analysis further suggests an increase in electron lifetime at the conduction band as oxygen states occupation is critical in achieving high conversion efficiency for solar cells based on multiphoton processes in these materials. © 2009 American Institute of Physics. ͓doi:10.1063/1.3274131͔ Solar cells based on absorber materials with intermediate electron states within the band gap have been proposed in order to improve conversion efficiency using lower energy optical transitions via multiple photon emission. These devices, typically referred to as intermediate band solar cells ͑IBSCs͒, are based on a single p-n junction with a predicted theoretical efficiency of 63%, 1 as high as the theoretical efficiency of a triple junction solar cell.
2 Intermediate band absorber materials based on quantum wells, 3 quantum dots, 4-9 dilute semiconductor alloys, [10] [11] [12] and deep level impurities 13, 14 have been studied experimentally. Subband gap absorption has been observed via IB states in these structures, though an understanding of the dynamic carrier recombination and generation processes via the IB have not been studied in detail despite their major importance in determining conversion efficiency. 15 Theoretical conversion efficiency predictions for IBSC are based on assumptions of long carrier lifetimes in both the intermediate band states and conduction band ͑CB͒, which do not necessarily hold true in practice due to fast nonradiative or radiative recombination processes. The incorporation of oxygen into ZnTe results in electronic states within the band gap with highly radiative properties, long carrier lifetimes, 16 and has been proposed as a candidate material system for IBSC devices. The energy band diagram for ZnTe:O and associated optical transitions are shown in Fig. 1͑a͒ . The small peaks in the subband gap luminescence in the ZnTe:NO sample suggest phonon emission and a strong Huang-Rhys factor, the latter occurs when there is a strong coupling of the transition to the lattice ͑e.g., when an electron leaves a given site the lattice is strongly perturbed͒ and is often associated with donor-acceptor pair transitions and point defects, rather than a band. Similar peaks appear in the ZnTe:O sample. In this letter, carrier lifetimes in ZnTe:O are measured and applied to a rate equation model to assess generation-recombination processes relevant for IBSC.
ZnTe:O samples were grown on GaAs͑100͒ substrates by molecular beam epitaxy using solid source effusion cells for Zn and Te, and an electron cyclotron resonance plasma cell for oxygen and nitrogen incorporation. The nominal thickness of ZnTe samples is 2 m, with further details on material growth reported previously. 17 Three samples were studied for comparison with varying oxygen and nitrogen incorporation, as shown in Table I . Hall-effect measurements indicate that samples doped with nitrogen at a flow rate of 0.8 sccm exhibit p-type conduction with a carrier concentration of 10 19 cm −3 . The sample doped with oxygen only demonstrated p-type conduction with a background concentration of 10 15 cm −3 , attributable to native zinc vacancies. 18 Oxygen incorporates as a substitutional impurity in the tellurium site ͑O Te ͒ under these growth conditions, resulting in isoelectronic states in ZnTe. 17 The density of O Te state is estimated from the absorption coefficient based on the relation 17 For oxygen flow rates of 0.08 and 0.02 sccm, the absorption coefficients are approximately 10 3 and 10 2 cm −3 resulting in oxygen concentration of 10 19 and 10 18 cm −3 , respectively. However, the oxygen doping concentration may be higher than these values because of high possibility of forming oxygen interstitial in ZnTe. 19 Photoluminescence ͑PL͒ spectra were measured at room temperature using a He-Cd laser at 325 nm, monochrometer, and lock-in detection. Time-resolved photoluminescence ͑TRPL͒ measurements were also conducted at a͒ Electronic mail: umwwm@umich.edu. room temperature using excitation at 400 nm and detection at 550 and 700 nm.
PL spectra for the three ZnTe samples with differing oxygen/nitrogen incorporation are shown in Fig. 1͑b͒ . The ZnTe:N sample demonstrates emission predominantly at 550 nm ͑2.25 eV͒, corresponding to the CB to the VB transition for ZnTe. The ZnTe:NO sample also shows a conduction to VB transition at 550 nm, as well as a broad peak centered near 700 nm corresponding to transitions from oxygen states ͑intermediate band, IB͒ to VB. 20 For the ZnTe:O sample doped exclusively with oxygen, however, only the transition from the oxygen states to the VB is observed. The lack of a clear conduction-valence band transition for the ZnTe:O sample is attributed to fast electron relaxation from CB to oxygen states, as described in more detail in the following discussion section. Time-resolved PL data for the three samples are summarized in Table I , with a representative scan at 700 nm shown in Fig. 2 . For both ZnTe:N and ZnTe:NO, the PL decay for the emission peaks at 550 nm are equivalent to the system response of the TRPL setup. This indicates that the carrier lifetime for electrons in the CB is less than 100 ps. The emission at 700 nm can be fit with a biexponential function with two time constants, where the PL intensity follows the relation A 0 + A 1 exp͑−t / 1 ͒ + A 2 exp͑−t / 2 ͒. For the ZnTe:O sample, long decay times exceeding 1 s are observed at low injection levels. In contrast to the ZnTe:N and ZnTe:NO samples, the decay time constant for recombination in the ZnTe:O sample exhibits a dependence on injection level, as illustrated in Fig. 3͑a͒ with extracted time constants shown in Fig. 3͑b͒ .
The variations in PL and TRPL behavior in the ZnTe samples with varying nitrogen and oxygen content may be attributed to carrier concentration and density of oxygen electronic states, as described in the following analysis. The ZnTe:N sample exhibits a short recombination time attribute to the fast radiative recombination rate ͑B 0 p͒ and the Auger recombination rate ͑C 0 p 2 ͒ in ZnTe material with high p type doping, where the radiative recombination coefficient ͑B 0 ͒ is estimated to be 7.1ϫ 10 −10 cm 3 / sec ͑Ref. 21͒, and the Auger recombination coefficient ͑C 0 ͒ is typically about 10 −29 cm 6 / sec ͑Ref. 22͒. The incorporation of oxygen in the ZnTe:NO sample provides an additional recombination path for photogenerated carriers, resulting in the observed peak centered at 700 nm. The electronic states corresponding to oxygen provide a means to trap electrons from the CB, where the resulting strong emission from the oxygen states demonstrates a significantly longer carrier lifetime due to the nature of the localized oxygen defect. The CB to VB transition disappears for the ZnTe:O sample with a high concentration of oxygen states and no p-type doping, while the transition corresponding to oxygen states increases. This behavior can be explained by fast capture into the high density of oxygen states, in conjunction with reduced CB to VB recombination rates due to reduced hole concentration. The longer carrier lifetime associated with oxygen states in the ZnTe:O sample may be attributed to reduced hole concentration in comparison to the ZnTe:N and ZnTe:NO samples. The carrier populations in the CB, VB, and IB can be expressed by the following rate equations ͑in the absence of external generation͒
where n, p, and N I are the electron density in the CB, hole density in the VB, and electron concentration in the oxygen states, respectively. Radiative recombination is assumed to be the dominant process for this analysis, with the exception of relaxation of carriers from CB to oxygen states. The carrier lifetimes for various transitions are given by the variables CV ͑CB to VB͒, IV ͑IB to VB͒ and CI ͑CB to IB͒ and may be expressed by
where B 0 is the radiative recombination coefficient for CB to VB transition in ZnTe, with a value of 7.1ϫ 10 −10 cm 3 / sec ͑Ref. 21͒. B 1 is the radiative recombination coefficient extracted from the power dependent TPRL shown in Fig. 3͑b͒ . The electron and hole concentrations p 0 and n 0 are values under thermal equilibrium, where ⌬p is the injected hole concentration. The equilibrium electron concentration is neglected in the lifetime expressions due to p-type conductivity in all samples. The value of CI is determined using the thermal velocity of electrons at room temperature v th = 2.6 The simulated decay time constants for electrons in the IB under varying excitation are shown in Fig. 4 in good agreement with TRPL measurements. The effective carrier lifetime for electrons in the CB based on simulations of the above rate equations is also shown in Fig. 4 for varying injection density, along with the lifetime of electrons in the IB. Based on these simulations, the effective carrier lifetime for CB electrons show the expected increase with increasing excitation density due to an increase in electron population in IB states. The carrier lifetime for IB electrons also show a corresponding decrease with injection density, though it is still orders of magnitude higher than the lifetime for CB electrons. The dependence of lifetime for CB and IB electrons may be divided into three regions according to injection density relative to the background hole concentration ͑10 15 cm −3 ͒ and IB state density ͑10 18 cm −3 ͒. The effective lifetime of CB electrons may be extended to approximately 1 ns, when the IB states are fully occupied, which would greatly improve the ability to extract carriers generated from a multiphoton process in an IBSC device.
Long carrier lifetime ͑Ͼ1 s͒ is measured for electrons in oxygen states in ZnTe, where lifetime shows an inverse proportionality with hole density. Shorter carrier lifetime is measured for IB states in p-doped ZnTe:NO and ZnTe:N material where hole population is significantly larger. Short lifetime is observed for electrons in the CB, and is attributed to the fast relaxation of carriers from the CB to IB. Rate equation analysis suggests that the effective lifetime of CB electrons also exhibits a dependence on injected carriers, where increase in lifetime is possible when injection is on the order of the IB state density. High-injection conditions, such as would be present in solar concentrator cells, would serve to enhance the carrier lifetime for CB electrons and resulting conversion efficiency for IBSCs based on these materials. 
